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Abstract

In this paper, the effects of Cu insertion layer and rapid thermal annealing on the resistive switching behaviors of
La-based resistive switching access memory (RRAM) devices have been investigated. Compared with the undoped
control sample (Cu/LaAlO3/Pt), the Cu-embedded devices show higher device yield and reset stop voltage, which
indicates that the reliability of La-based RRAM has been effectively improved. However, the unannealed Cu/LaAlO3:
Cu/Pt RRAM device still suffers from serious dispersion of parameters. It was proved that the RRAM device with Cu
insertion layer and annealing treatment exhibits the best resistive switching characteristics such as low forming
voltage, high on/off ratio and fine electrical uniformity. These improvements can be attributed to the diffusion of
Cu atoms and the formation of Cu nanocrystals (Cu-NCs) after annealing process, since the diffused Cu atoms and
the Cu-NCs could enhance the local electric field and weaken the randomness of the formation/rupture of
conductive filaments.
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Introduction
Resistive random access memory (RRAM) is considered
as a development direction for the next-generation non-
volatile memory devices, which has been attracting
much attention due to its simple structure, low power
consumption, high scalability, fast operation speed and
multi-value storage capacity [1]. RRAM is often fabri-
cated into a metal–insulator–metal (M–I–M) sandwich
structure, and the intermediate dielectric layer has a sig-
nificant influence on its resistive switching (RS) per-
formance. Thus, a wide variety of materials, including
many common used high dielectric constant (high-k)
materials (such as HfO2 [2], Al2O3 [3], and ZrO2 [4]),
have been investigated extensively for RRAM applica-
tions. Among all the oxide materials, lanthanum-based
oxide is one of the most promising high-k dielectric ma-
terials, which has raised great research interests due to
its high-k value, large band gap, and fine thermal stabil-
ity [5]. Recently, good resistance switching characteris-
tics, such as low operating voltage, high resistance
window, long holding time, long cycle endurance, and
good consistency, have been found in La-based RRAMs,

indicating the potential application of La-based high-k
materials in RRAMs [6, 7].
Also, owing to the advantages of excellent uniformity,

precise thickness control and compatibility with CMOS
process, atomic layer deposition (ALD) technology has
been one of the most commonly used growth methods
to produce La-based dielectric films [8]. Unfortunately,
undesirable high forming voltages are always required in
ALD-deposited RRAM devices because of the good
quality dielectric films, which may lead to a high failure
rate, low on/off ratio, poor endurance, and wide disper-
sion of the devices [9]. In order to obtain RRAM devices
with better RS performance, materials/device structure
engineering, including ion implantation [10], dopant dif-
fusion [11], or inserting nanocrystals (NCs) [12], need to
be adopted in the ALD-prepared La-based RRAMs.
In recent reports, different doping technologies for im-

proving the RS behaviors of the traditional high-k mate-
rials (HfO2 [13], ZrO2 [14], etc.) have been extensively
studied. However, the NC-improved RS behaviors of La-
based RRAM devices have not been reported so far.
Thus, a Cu-embedded LaAlO3 device with the structure
of Cu/LaAlO3/Cu/LaAlO3/Pt is fabricated for the mem-
ory application, and attention was focused on the
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impacts of Cu-doping on the performance and switching
mechanism of La-based RRAM devices.

Methods
The schematic diagram of the fabricated device with the
structure of Cu/LaAlO3/Cu/LaAlO3/Pt is shown in Fig. 1.
The fabrication process of La-based RRAM device is as
follows: A bilayer metal, 100-nm Pt/10-nm Ti, was first
deposited on a 2-in. SiO2/Si wafer as the bottom electrode
(BE) by electron beam evaporation. Subsequently, the
temperature of Picosun R-150 ALD reactor was set as
300 °C, and ~ 10-nm LaAlO3 (La/Al ratio as 3:1) thin film
was deposited on the Pt/Ti/SiO2/Si substrates, using
La(i-PrCp)3 as La precursor, Al(CH3)3 as Al precursor and
O3 as the oxidant. Then, ~ 2-nm Cu layer was grown on
the LaAlO3 at a rate of 0.1 Å/s using an electron beam
evaporator (EBE). Again, ~ 10 nm LaAlO3 (La/Al ratio as
3:1) thin film was deposited by ALD at 300 °C. After the
LaAlO3/Cu/LaAlO3 switching layer had been prepared by
using the ALD-EBE-ALD process, rapid thermal annealing
(RTA) process was carried out in an N2 ambient at 600 °C
for 30 s. The top electrode (TE) of 10 nm Au/150 nm Cu
was deposited on the LaAlO3 dielectric by electron beam
evaporation after lithography, and followed by peeling off
to fabricate devices which have sizes from 50 × 50 μm2 to
250 × 250 μm2. In order to further understand the impacts
of Cu-doping on the performance of La-based RRAM de-
vices, two control samples, S1: Au/Cu/LaAlO3/Pt
(unannealed) and S2: Au/Cu/LaAlO3: Cu/Pt (unannealed),
were set up. And the sample with Au/Cu/LaAlO3: Cu-
NC/Pt structure was assigned as S3.

X-ray photoelectron spectroscopy (XPS) was used to
analyze the distribution of the doped Cu atoms and cross-
sectional transmission electron microscopy (TEM) was
used to observe the microstructure of the fabricated
RRAM devices. The RS properties were measured under
different modes using an Agilent B1500A semiconductor
parameter analyzer. A current compliance of 1mA was
imposed to protect the fabricated device units from dam-
ages of high currents during forming and set processes.

Results and Discussion
Figure 2 shows the X-ray photoelectron spectroscopy
(XPS) depth analysis of Cu 2p spectra in the Cu-doped
LaAlO3 film (Etching parameters: 2 KVM Ar ion, ~ 1 Å/
s etching rate). As can be seen in Fig. 2, Cu 2p peak can
hardly be found in the unannealed sample (S2) after
etching for 30 s or 60 s, while after etching for 90 s, a
notable Cu 2p peak appears, indicating that the Cu
atoms mainly concentrate in the Cu-embedded layer.
Differently, the Cu atoms are observed in the whole
LaAlO3 film after annealing treatment, i.e. after etching
for 30 s, 60 s, and 90 s, obvious Cu 2p peaks can be ob-
served in S3. The XPS results confirm that high-
temperature annealing will lead to redistribution of the
doped Cu atoms, which may help to improve the elec-
trical characteristics of La-based RRAMs.
Figure 3 shows the typical cross-sectional transmission

electron microscope (TEM) image of the two Cu-
embedded LaAlO3 RRAMs (i.e. S2 and S3). As shown in
Fig. 3a, the laminated structure of the unannealed Cu/
LaAlO3/Cu/LaAlO3/Pt device could be recognized
clearly in the TEM image of S2. It is worth noting that
after the deposition of the upper LaAlO3 layer at 300 °C
of the ALD process, the embedded ~ 2-nm Cu nanolayer
has been slightly affected by thermal diffusion. There-
fore, from the high-resolution image of Fig. 3b, the

Fig. 1 Schematic diagram of Cu-embedded LaAlO3 device with the
structure of Cu/LaAlO3/Cu/LaAlO3/Pt

Fig. 2 XPS results of Cu 2p spectra for S2 and S3 after Ar ion
etching for 30 s, 60 s, and 90 s
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irregular and separated Cu nanoparticles with the size of
2~6 nm embedded in LaAlO3 layer can be clearly ob-
served. The additional annealing treatment after ALD
process would further enhance the thermal diffusion of
Cu atoms, making it difficult to distinguish the existence
of Cu nanolayer as shown in Fig. 3c. With the help of
higher resolution TEM image as shown in Fig. 3d, an ap-
proximate of 25-nm-thick LaAlO3 layer embedded with
several spherical and separated Cu-NCs could be ob-
served, indicating that part of the Cu nanolayer has
already diffused into the LaAlO3 dielectric with some
smaller sized Cu-NCs being left behind after 600 °C an-
nealing treatment.
The electrical forming process of samples S1, S2, and

S3 are shown in Fig. 4. As can be seen in Fig. 4, a high
voltage of about 12 V is required in the forming process
of S1, and a much lower forming voltage (~ 7 V) is
needed in S2 and S3, showing that the forming voltage
of the La-based devices can be effectively reduced by
inserting a Cu nanolayer in the dielectric film. In
addition, compared with the initial resistance value of S1
(2.51 × 1012Ω, read at 1 V), the resistance of S2 is much
lower (2.65 × 106Ω, read at 1 V), and this value in-
creases after annealing process (S3, 2.83 × 1012Ω, read
at 1 V). The above variations of the forming voltage and
initial resistance can be attributed to the changes of di-
electric properties of LaAlO3 films through materials/

device structure engineering. Due to the excellent quality
of La-based dielectric films prepared by ALD method,
an extremely high electric field strength is needed to
break the insulator down (i.e., S1). After the Cu nano-
layer was inserted in the dielectric film, the ALD-grown
high-quality switching layer will be affected by this metal
nanolayer, which would make the dielectric easier to
break down, and ultimately leads to a much lower form-
ing voltage in S2. Also, the energy barrier of the oxygen
vacancy formation could be effectively decreased and
more meta-stable defects would be brought into the

(a) (b)

(c) (d)

Fig. 3 TEM images of the Cu-embedded RRAM devices. a A typical cross-sectional TEM image of S2. b A HRTEM image of S2. c A cross-sectional
TEM image of S3. d A HRTEM image of S3

Fig. 4 Forming process of the three kinds of La-based RRAM

Wang et al. Nanoscale Research Letters          (2019) 14:224 Page 3 of 9



dielectric film because of the structural differences be-
tween Cu and LaAlO3 materials (lattice match, thermal
expansion match, etc.) [15]. Consequently, a larger num-
ber of defects (charge traps, metal ions, oxygen vacancies,
etc.) would be introduced into the LaAlO3 resistive
switching layer, leading to the reduction of the initial re-
sistance of S2 [16]. However, these large numbers of de-
fects in the dielectric thin films of S2 could be effectively
reduced (or eliminated) by additional annealing treatment,
leading to a high initial resistance of S3 [17]. In addition,
the additional annealing treatment has brought some Cu-
NCs and diffused Cu atoms into the LaAlO3 dielectric
films, which would further enhance the local electric field
and result in a low forming voltage of S3 [18].
Typical bipolar current–voltage (I–V) curves of ~ 100

direct current (DC) sweep cycles for the three kinds of La-
based RRAM devices (area size of 50 μm × 50 μm) are ob-
tained in Fig. 5a–c. The test voltage (0 to − 1.5 V and −
1.5 to 0 V for the reset process; 0 to 5 V and 5 to 0 V for
the set process) is biased on the TE (Cu) while the BE (Pt)
is grounded. Although three La-based RRAM devices dis-
play 100 consecutive cycles of repeatable bipolar RS be-
havior, there are some great differences among them.
Firstly, compared with S2 and S3, the undoped sample S1
is easier to be damaged during the cyclic set–reset opera-
tions with the reset stop voltage (Vstop) of − 1.5 V (as
shown in the insertion of Fig. 5a), which indicates that the
maximum Vstop of S1 is lower than those of S2 and S3.
Considering this, a relatively low Vstop of − 1.4 V is used in
the case of sample S1. Another difference is that the I–V
curves of S1 and S2 show abnormal fluctuations (rise and
fall) during the set process, which is quite different from
the smooth I–V curves of S3. This phenomenon is closely
related to the remnant of some conductive filaments (CFs)
in the undoped (or doped but unannealed) LaAlO3 dielec-
tric films after the reset process. Besides, compared with
S1 and S2, S3 has I–V curves showing more consistency
and smaller distribution of set/reset voltages, implying
that the stability of the RRAM devices can be effectively
improved by doping and annealing treatment. Figure 5d–f
are the endurance test (~ 100 cycles, read at − 0.1 V) of
S1–S3 extracted from the left of Fig. 5a–c. The maximum
resistance ratio of Cu/LaAlO3/Pt RRAM devices, namely,
the maximum high resistance state (HRS) to the mini-
mum low resistance state (LRS) can be as high as 6 orders
of magnitude. However, the wide random fluctuation in
HRS of S1 and S2 brings about a very low level on/off
window (~ 10). Unlike S1 and S2, the on/off window of S3
is about 100 times larger than that of S1 and S2, indicating
that the consistency characteristic of Cu-doped La-based
RRAM devices is effectively improved after annealing.
The annealing treatment in S3 not only causes the Cu
atoms to diffuse around the entire LaAlO3 film but also
forms Cu-NCs in the dielectric. Thus, the local electric

field has been enhanced; the randomness of the CF forma-
tion/rupture has been controlled, and the HRS (LRS) dis-
tribution has been improved [19]. The above results
suggest that the idea of embedding a Cu nanolayer into
the La-based RRAM requires a certain degree of thermal
treatment in order to achieve better device performance.
Figure 6 a shows the cumulative probability of the

HRS and LRS resistances (read at − 0.1 V), and Fig. 6b
records the cumulative probability of the set and reset
voltages. In Fig. 6a, the mean values (μ) of LRS and HRS
in S1, S2, and S3 are obtained to be 50.7Ω and 1.59
MΩ, 100.6Ω and 1.51MΩ, and 80.6Ω and 1.95MΩ, re-
spectively. However, the coefficient of variation (σ/μ) of
LRS and HRS vary greatly when compared with the
roughly similar mean values in S1, S2, and S3. Among
them, S3 has the minimum σ/μ value (LRS − 0.74, HRS
− 1.02), followed by S2 (LRS − 1.33, HRS − 1.23), and
the σ/μ of S1 is the worst (LRS − 1.22, HRS − 3.00). As
shown in Fig. 6b, the mean values of the reset/set volt-
ages are about − 0.79 V/2.36 V, − 0.83 V/2.49 V, and −
1.25 V/2.59 V for the samples S1, S2, and S3 respectively.
The standard deviation (σ) of the reset/set voltages,
which is used to evaluate the dispersion of parameters,
are found to be 0.20/0.82 (S1), 0.23/1.16 (S2), and 0.13/
0.45 (S3), respectively. It can be found that wide varia-
tions of HRS, LRS, Vset, and Vreset in S1 and S2 are im-
proved after annealing. Compared with S1 and S2, the
doped and annealed one (S3) exhibits better uniformity,
indicating that S3 has the best operation stability among
the three. As mentioned above, large numbers of defects
are likely to be introduced into S2, which will cause
problems with the reliability and stability of the de-
vices. For S3, those large numbers of defects are
eliminated by the thermal process, and the formation/
rupture randomness of the CFs is reduced due to the
existence of Cu-NCs. Thus, fine uniformity with small
variations in switching voltages and resistance values
are obtained in S3.
The retention characteristics of the three kinds of La-

based RRAM devices under read-out voltage of − 0.1 V
at room temperature are illustrated in Fig. 7. During the
retention test, the Cu/LaAlO3: Cu-NC/Pt devices exhibit
stable retention performance for over 104 s at room
temperature with a nearly constant RHRS/RLRS ratio of
up to three orders of magnitude, conforming the non-
volatile characteristics of the La-based RRAMs. DC
SET/RESET 10-cycle bipolar yield is measured for evalu-
ating the switching ability of S1, S2, and S3. As shown in
Fig. 8, S3 has the best yield, followed by S2, and S1 is
the worst. This result shows that an embedded Cu layer
is helpful to increase the yield of La-based RRAMs, and
the yield of the devices can be further improved by add-
itional thermal treatment. Moreover, it can be found in
Fig. 8 that the yields of the devices increase with the
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decreased device area. This phenomenon indicates that
the resistive switching mechanism of Cu/LaAlO3/Pt
RRAM devices may be closely related to the Joule heat

effect, that is, Joule heat participates in the formation/
rupture of conductive filaments and seems to be more
prominent in smaller size devices.

(a)

(d)

(b)

(e)

(c)

(f)

Fig. 5 a–c Typical bipolar I–V curves and d–f the endurance test of S1, S2, and S3
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In order to gain more insights into the Cu-NC–treated
La-based RRAMs, further analysis has been focused on
the resistance switching mechanism of S3. As shown in
Fig. 9a, setting and resetting voltages in different direc-
tions are applied in the I–V measurement of S3. The test
results show that S3 has both unipolar and bipolar re-
sistive switching behaviors, indicating the Cu-NC–
treated La-based RRAMs are nonpolar. Researchers be-
lieve the nonpolar (unipolar) resistive switching behav-
iors are closely related to the Joule heat-assisted
formation/rupture of CFs [7]. In the reset process of La-
based RRAM, a high current overshoot phenomenon is
observed and then the Joule heating effect is induced,
leading to melting, sintering, or thermal oxidation of
CFs. Figure 9b shows the double-logarithmic plotting of
I–V curves and linear fittings of S3, and the insert shows
the ln(I/V)–V1/2 curve of the set process. Obviously, the
I–V relationship in LRS exhibits an Ohmic conduction

behavior with a slope of about 1, implying the existence
of CFs in the dielectric after the set process. However,
the conducting mechanism of HRS is slightly compli-
cated, and the I–V curves at HRS can be divided into
three straight lines with three different slopes. In the low
voltage region (< 0.8 V, orange line), the slope of the fit-
ting line is about 1.33, which is close to the Ohmic
transport mechanism. With the increase of voltage (~
0.8 to ~ 2 V, green line), the slope of the fitting line in-
creases to 1.93 (I~V1.93), which conforms to Child’s
square law (I~V2). In the third region (> 2 V, purple
line), the slope of fitting line will continue to increase
(e.g., 2.86 in this case), and the current will increase
sharply when Vset is reached. The conduction mode of
HRS, which is composed of Ohmic transport region and
Child’s law region, is in good agreement with the clas-
sical space charge limited current (SCLC) mechanism

(a) (b)

Fig. 6 Cumulative probability of a HRS and LRS (read at − 0.1 V) and b set and reset voltages

Fig. 7 Retention behaviors of La-based RRAM devices at
room temperature Fig. 8 DC SET/RESET 10-cycle bipolar yield of La-based RRAM devices
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[20, 21]. The appearance of SCLC conduction mechan-
ism indicates the formation and rupture of local conduc-
tion path [22], which is regarded as the main RS
mechanism of Cu/LaAlO3: Cu-NC/Pt devices. Besides, the
HRS conduction is also found to fit well with the Poole–
Frenkel conduction mechanism (the insert). The Poole–
Frenkel effect is mainly caused by the electric field excited
carriers hopping through the trapped states [23], which
suggests that there is still a large number of defects in the
LaAlO3 films even after annealing treatment.
Dependence of S3 on electrode area (Fig. 10a) and

temperature (Fig. 10b) has been studied to further under-
stand the RS mechanism. It can be seen from Fig. 10a that
the LRS resistance is independent of the electrode area,
while the HRS resistance (and initial resistance) decreases

with the increase of device area, which indicates that the
RS mechanism of S3 originates from the formation and
rupture of CFs. In Fig. 10b, the HRS resistances decrease
with increasing temperature, showing that the OFF-state of
S3 can be associated with a semiconducting behavior. In
contrast, the LRS resistances increase with increasing
temperature, indicating a metallic characteristic in ON state
[24]. According to the literature, the relationship between
the metal resistance and the temperature is usually studied
by the equation of R(T) = R0[1 + α(T − T0)] [25]. And the
blue linear fit in Fig. 10b determines the temperature coeffi-
cient (α) to be 1.03 × 10−3 K−1. This value is slightly smaller
than the reported values of the Cu nanowires in other liter-
atures (2.5 × 10−3 K−1 [26], 2.39 × 10−3 K−1 [27]). Owing to
the fact that large numbers of defects have been introduced

(a) (b)

Fig. 9 a I–V measurement of S3 in different voltage directions. b Double logarithmic plotting of I–V curves and linear fittings of S3, and the insert
shows the ln(I/V)–V1/2 plotting of the set process

(a) (b)

Fig. 10 a Electrode area dependence of the HRS and LRS. b Temperature dependence of the HRS and LRS
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into the Cu-NC–doped LaAlO3 films, a lower α value of
Cu CFs is obtained in this paper.
Therefore, a reasonable explanation has been proposed

for the RS effect of Cu/LaAlO3: Cu-NC/Pt devices in
our case. The formation and rupture of Cu CFs is very
likely to be mediated by electrochemical metallization
(ECM) and Joule heat effect. Figure 11 shows schematic
diagrams for the RS mechanism of Cu/LaAlO3: Cu-NC/
Pt devices in (a) initial state; (b), (c) Set process; (d) ON
state; and (e) Reset process. When a positive voltage is
applied to TE (Cu), an oxidation reaction, which is de-
scribed as Cu → Cu2+ + 2e−, occurs on the electrochem-
ically active material (Fig. 11b). Under the action of the
electric field, the mobile Cu2+ cations migrate toward BE
(Pt) through LaAlO3 film, and a reduction reaction of
Cu2+ + 2e− → Cu occurs at the cathode (Fig. 11c). It is
worth noting that there are some Cu-NCs and diffused
Cu atoms in the La-based dielectrics of S3, which is the
natural pathways for the formation of Cu CFs. Thus, the
continuously precipitated Cu metal atoms will tend to
grow along these natural pathways and eventually reach
the TE to form a conductive channel (Fig. 11d). When
the polarity of applied voltage is reversed, the dissolution
process, which closely relates to electrochemical effect
and Joule heat effect, occurs somewhere along the fila-
ment, resulting in an almost complete fracture of the
CFs and the device into the OFF state (Fig. 11e).

Conclusion
In summary, a metal-doped method is introduced to im-
prove the performance of La-based RRAM devices.
Obvious improvements of the resistive switching charac-
teristics, including lower forming voltage, higher on/off

ratio, better electrical uniformity, and superior device
yield, are corroborated by the I–V measurement results
of the Cu-doped and annealed sample. XPS and TEM
analysis results confirmed that the improvements of
switching performance could be attributed to the diffu-
sion of Cu atoms and the formation of Cu nanocrystals
(Cu-NCs) after the annealing process. Further studies re-
veal that the resistive switching mechanism of
Cu\LaAlO3: Cu-NC\Pt devices can be attributed to the
formation and rupture of Cu conductive filaments,
which is closely related to the SCLC mechanism and
Joule heating effect. This study demonstrates a feasible
method to control the resistive switching behaviors of
the RRAMs by embedding Cu nanocrystals, and more
works need to be done for understanding the physical
mechanism and the inherent laws of La-based RRAMs.
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